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Both autonomously functioning thyroid nodules (AFTNs) and cold thyroid nodules (CTNs) are characterized by an increased proliferation,
however, they have opposite functional activities. Therefore, with the aim to further understand the distinct molecular pathology of each entity and
to discover common mechanisms like those leading to increased proliferation in both, AFTNs and CTNs, we now compared gene expression of
AFTNs and CTNs with in vitro model systems (TSH-stimulated and ras-transfected primary cultures (PC)) whose gene expression patterns can be
attributed to specific molecular alterations. Since combinations of co-regulated genes are more likely to reveal molecular mechanisms, we used a
procedure which groups co-regulated genes within “gene sets”. We found a co-regulated gene set in the AFTNs that overlaps with differential
expression in TSH-stimulated PCs but not in CTNs or ras-transfected PCs. In addition to thyroid peroxidase and sialyltransferase 1, this set of co-
regulated genes comprises metallothioneins and the G-protein-coupled receptor 56. Although their role in the thyroid is unknown so far, their
appearance in one group indicates a functional relevance in TSH–TSH receptor-stimulated mechanisms. Furthermore, we identified down-
regulated gene sets with concordant expression patterns in AFTNs, CTNs and ras-transfected PCs. However, these expression patterns are not of
relevance in the TSH-stimulated PCs. These findings suggest that TSH-stimulated PCs can be used as a model of increased thyroid function
(AFTNs), whereas the ras-transfected PCs better reflect the increased proliferation of both AFTNs and CTNs.
© 2005 Elsevier B.V. All rights reserved.Keywords: Thyroid; Signal transduction; Ras; Transfection; Gene expression profiling1. Introduction
In our recent studies investigating the differential gene
expression of autonomously functioning thyroid nodules
(AFTNs) [1] and cold thyroid nodules (CTNs) [2] we could
show an inactivation of the TGF-β signaling in AFTNs and an
increased expression of cell cycle-associated genes and indica-
tions for a relevance of Gq-PKC-signaling in CTNs. Both
AFTNs and CTNs are characterized by an increased prolifera-⁎ Corresponding author. Tel.: +49 341 9713200; fax: +49 341 9713209.
E-mail address: pasr@medizin.uni-leipzig.de (R. Paschke).
0167-4889/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2005.12.001tion [3,4], however, they are contrary in their functional activity.
Whereas the molecular etiology of AFTNs is characterized by
the occurrence of constitutively activating TSH receptor
mutations in about 60% of AFTNs or by the occurrence of
Gsα mutations in about 3% of AFTNs [5], which cause a
constitutive stimulation of the cAMP pathway leading to
increased proliferation and function, the molecular etiology of
CTNs is so far poorly understood. Mutations in genes that favor
dedifferentiation (e.g., in the Ras/Raf/MEK/Erk/MAP kinase
pathway) are likely candidates that could explain the molecular
cause of CTNs. However, recent studies question the involve-
ment of these genes in the development of solitary CTNs: Krohn
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studied for gene expression [2] a ras mutation in only one CTN
[6], and no BRAFmutation [7]. Furthermore, no mutations were
found in the Epac and Rap1 genes [8]. Therefore, with the aim to
further specify the findings for each entity and to discover
common mechanisms like those leading to increased prolifer-
ation in both, AFTNs and CTNs, we now compared gene
expression profiles of AFTNs and CTNs with each other.
Furthermore, we compared these data with in vitro model
systems which are characterized by a specific stimulation of a
distinct molecular pathway (TSH-TSHR signaling cascade in
the TSH-stimulated primary thyroid epithelial cell cultures and
the ras signal transduction pathway(s) in the ras-transfected
primary thyroid epithelial cell cultures), i.e., the gene expression
profiles of the in vitro systems can be clearly attributed to a
specific molecular alteration, whereas the gene expression
profiles of the AFTNs and CTNs are most likely the result of
complex physiologic interactions. Therefore, the comparison of
the gene expression profiles of AFTNs and CTNs with the gene
expression profiles of in vitro systems might help to explain the
expression patterns of many genes in AFTNs and CTNs.
In addition to the algorithms of gene expression analysis that
we used in our recent studies [1,2], and because combinations of
co-regulated genes are more likely to reveal molecular disease
mechanisms [9], we now introduce a new modified procedure
which assembles co-regulated genes into one “gene set”.
Interestingly, we found a co-regulated gene set in the
AFTNs, that overlaps with differential expression in TSH-
stimulated primary cultures but not in CTNs or the ras-
transfected primary cultures. In addition to thyroid peroxidase
(TPO) and sialyltransferase 1 (SIAT1), this set of co-regulated
genes comprises metallothioneins and the G-protein-coupled
receptor (GPR) 56. Although the role of metallothioneins and
GPR56 in the thyroid is unknown so far, their appearance in one
group with TPO and SIAT1 indicates a relevance of these genes
for the regulation of the increased function of AFTNs.
Furthermore, we identified down-regulated gene sets with
concordant expression patterns in AFTNs, CTNs and ras-
transfected primary cultures. However, these expression
patterns for genes with decreased expression are not of
relevance in the TSH-stimulated primary cultures. These
findings suggest, that TSH-stimulated primary cell cultures
can be used as a model of increased thyroid function (AFTNs),
whereas the ras-transfected primary cultures reflect the
increased proliferation of AFTNs and CTNs.
2. Methods
All 15 AFTNs and 22 CTNs were identified by ultrasound and scintigraphy.
All preoperatively identified nodules were also identified at surgery and
postoperatively characterized by histology [2] according to the WHO criteria
[10]. All patients with hot nodules were treated with antithyroid drugs and were
euthyroid at the time of surgery. Somatic TSH receptor mutations in the hot
nodules were previously determined by denaturing gradient gel electrophoresis
and subsequent direct sequencing of the positive PCR fragments (Online
supplement 1 and 2) [5]. AFTNs without a TSHR mutation were screened for
mutations in the exons 7 to 10 of the Gsα protein by direct sequencing. However,
no mutations in the Gsα protein were found. Informed consent for the analysis
was given by the patients.2.1. Primary thyroid cell culture and TSH stimulation
Four primary cultures were produced according to the following procedure to
investigate their gene expression patterns after TSH stimulation. Fresh non-
nodular thyroid tissue was taken off in PBS buffer (pH 7.4) and cut in small
pieces. The buffer was decanted and the tissue was incubated in 15 ml PBS-
dispase II solution (pH 7.4, dispase II 0,48 g/100 ml PBS) for 15 min (37 °C)
during permanently stirring. Afterwards, the cell suspension was filtered and the
tissue pieces were again incubated with 15 ml fresh PBS dispase II solution for
further 15min (37 °C). The supernatant (cell suspension) was centrifuged (2min/
200 g) and the pellet carefully resuspended in 1–2 ml RPMI medium (pH 7.4;
10% fetal calf serum, 1% antibiotics Penicillin+Streptomycin) and put on ice.
After several rounds of dispase treatment, the resuspended cells were pooled in
15ml Falcon tubes, centrifuged (2min/200 g) and the pellet was resuspended in a
small volume RPMI medium (there were approximately 5×106 cells per 40 μl
pellet) and seeded to 6-well plates.Mediumwas changed 3 to 5 days after seeding
(RPMI medium, pH 7.4; 10% fetal calf serum, 1% antibiotics Penicillin
+Streptomycin). The next day, the primary thyroid cell culture was ready for
further experiments. At this point bovine TSH (1 mU/ml; Sigma, St. Louis, MO,
USA) was added to the medium and the cells were further incubated for different
times (4 or 24 h). After incubation the medium was removed from the
unstimulated cells, the 4 or 24 h TSH-stimulated cells and then the cells were
directly placed on ice, scraped and stored in liquid nitrogen for RNA extraction.
2.2. Primary thyroid cell culture and RAS transfection
Five primary monolayer cultures of thyroid follicular epithelial cells were
prepared as previously described [11] to investigate the effects of RAS activation
onto their gene expression pattern. Stable expression of mutant (V12) H-RAS
was achieved as previously described [11], using the G418-resistant retroviral
vector, DOEJ, in which no sequences of viral origin are expressed. Amphotropic
retrovirus-containing medium derived from the packaging cell line y-CRIP was
used to infect thyroid epithelial monolayers plated at∼ 5×105 per 60 mm dish 2
days previously. Three days later, cells were passaged into medium containing
G418 (400 mg/ml) and colonies driven by mutant RAS allowed to develop.
Control cultures infected with G418R-only vectors do not generate colonies,
since normal thyrocytes are capable of no more than 3 population doublings.
Colonies were analyzed∼2 weeks after infection while still rapidly proliferating.
Normal primary cultures were analyzed 3 days after plating.
Proliferation of thyroid cultures was assessed (as previously published [11])
by labelling with BrdU (10 μM, 1 h). Control (untreated) cultures had a nuclear
labelling index of 3±0.6% (mean±S.E.) whereas colonies driven by expression of
mutantRAS showed a value of 23±3.8%at the time of harvesting forRNAextraction.
2.3. RNA isolation
Total RNA was isolated from primary thyroid cell cultures using TRIzol
reagent (Life Technologies, Gaithersburg, MD, USA) according to the
manufacturer's instructions. Afterwards, the total RNAwas purifiedwithRNeasy
kits (Qiagen, Hilden, Germany) according to the RNA clean-up protocol.
The quality and quantity of the total RNAs was examined on an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) using the RNA 6.000
LabChipKit (Agilent Technologies) according to themanufacturer's instructions.
2.4. Microarray analysis
Microarray analysis was conducted at the microarray core facility of the
Interdisziplinäres Zentrum für klinische Forschung (IZKF) Leipzig (Faculty of
Medicine, University of Leipzig). 10 μg of total RNA were used to prepare
double-stranded cDNA (Superscript II, Life Technologies, Gaithersburg, MD
USA) primed with oligo-dT containing an T7 RNA polymerase promoter site
(Genset SA, Paris, France). cDNAwas purified by phenol–chloroform extraction
before in vitro transcription using the ENZO BioArray RNA transcript labeling
kit (Affymetrix, Santa Clara, CA, USA) to synthesize cRNA. After the in vitro
transcription, unincorporated nucleotides were removed using the RNeasy kit
(QIAGEN, Hilden, Germany). The cRNA was fragmented and hybridized to
Affymetrix GeneChip U95Av2 according to the manufacturer's instructions.
Table 1
Differential expression of single genes and predefined gene sets
Entity Number of differentially expressed genes / gene sets
Empirical
filtering
Statistical analysis
of single genes [1]
SAM
[13]
Statistical analysis
of gene sets [2]
AFTNs
(n=15)
20 (10 ↑) 49 218 (89 ↑) 5
CTNs
(n=22)
25 (3 ↑) 90 294 (88 ↑) 5
PC 4 h
TSH
(n=3)
113 (64 ↑) 0 12 (12 ↑) 1
PC 24 h
TSH
(n=4)
132 (87 ↑) 20 (20 ↑)
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manufacturer's instructions. The array was scanned with a second generation
Affymetrix GeneChip Scanner 2500.
2.5. Data analysis
Affymetrix GeneChip data representing approximately 10,000 full-length
genes were extracted from fluorescence intensities and were scaled in order to
normalize data for inter-array comparison.
To detect differentially regulated genes different methods of data analysis
were used:
(a) Empirical filtering
We manually selected genes, which received an “increased” or
“decreased” call by the Affymetrix software and had a signal log ratio
(difference of the log2-transformed data) greater than 0.585 or lower than
− 0.585 (i.e. these genes are at least 1.5-fold higher or lower expressed in
the AFTNs/CTNs than in the corresponding ST) in 13 out of 15 patients
and in 18 out of 22 patients, respectively [1,2].
(b) Statistical analysis
In order to avoid a high rate of false positive results in this multitude of
statistical tests for the different genes, we added so-called multiple test
procedures. After a logarithmic transformation of the signal values
differences between the data were calculated (e.g., of AFTNs and their
surrounding tissues) to compute adjusted P values for each gene
according to the Westfall–Young procedure, which imbeds a t-test into a
permutation procedure [12]. Furthermore, we used significance analysis
of microarrays (SAM) [13] that also corrects for multiple testing, but is
not as stringent as the Westfall–Young procedure.
(c) Application of the Westfall–Young strategy to gene sets
The procedure by Westfall and Young to correct for multiple testing is
not only applicable to single genes but also to sets of genes. It has been
shown that combinations of genes more clearly reveal the effects of a
disease than single genes [9]. Therefore, we analyzed 51 gene sets with 3
to 150 genes based on NetAFFX annotations (GenMAPP collection)
[14]. We intended to recognize relevant gene sets, that is, those sets in
which differences between AFTNs/CTNs and their ST are existent.
The P values of univariate and multivariate one-sample tests [15] were
used for the assessment of the gene sets. All genes that did not attain
significance in the univariate test at the level of alpha≤0.05 were
excluded from the multivariate assessment. The multivariate test
calculates the number of principal components which yield the smallest
value and thereby obtains a gene set.
(d) Identification of co-regulated gene sets
Our procedure of gene set recognition and evaluation searches for
relevant gene sets within the vast number of possible sets. Relevance
implies that significant mean values (e.g., differences of the
logarithmized signal values of AFTNs and their surrounding tissues)
in the tests against zero are verified. The high effectiveness of our
algorithm is based on a special technique, which at first considers
each gene as a potential center of a gene set and subsequently the
assessment of all obtained sets is performed for statistical significance.
The significance evaluation is based on the well-known permutation
strategy by Westfall and Young [12]. Thus, the procedure corresponds
to the principles of multiple testing, that is, the “familywise error rate”
is kept. Afterwards, the identified significant gene sets were subjected
to a cross-over test for their significance in the other entities according
to paragraph “c) application of the Westfall–Young strategy to gene
sets”.PC RAS
(n=5)
233 (92 ↑) 1 84 (18 ↑) 1
The table shows the number of differentially expressed genes and gene sets in 15
autonomously functioning thyroid nodules (AFTNs), 22 cold thyroid nodules
(CTNs), 3 primary cultures which were TSH stimulated for 4 h (PC 4h TSH), 4
primary cultures which were TSH stimulated for 24 h (PC 24h TSH), and 5
primary cultures which were ras transfected (PC RAS), respectively. The
number of up-regulated genes is given in parenthesis.3. Results
3.1. Differential expression of single genes
We analyzed GeneChip data of TSH-stimulated thyroid
epithelial cell cultures and Ras-transfected thyroid epithelialcell cultures according to our recent gene expression
profiling studies of autonomously functioning thyroid
nodules [1] and cold thyroid nodules [2]. Table 1
summarizes the number of differentially expressed genes
and gene groups in the different investigated entities. In
contrast to the analysis of AFTNs and CTNs, in TSH-
stimulated thyroid epithelial cell cultures no gene reached the
significance level using the Westfall–Young procedure.
Furthermore, only one gene (201872_s_at, ribonuclease 4
inhibitor) was identified as significantly differentially
expressed in the ras-transfected primary cultures. Using
significance analysis of microarrays (SAM) 12, 20 and 84
genes were identified as significantly differentially expressed
in primary cultures which were TSH stimulated for 4 and 24
h and in ras-transfected primary cultures, respectively. The
comparison of the different algorithms of array analysis
showed that 19 out of 20 genes identified by the filter in the
AFTNs, and 24 out of 25 genes identified by the filter in
CTNs were also identified using SAM (Fig. 1). In contrast,
only one out of 113, seven out of 132 and 45 out of 233
genes detected by the filter were also detected using SAM in
primary cultures which were TSH stimulated for 4 and 24
h and in ras-transfected primary cultures, respectively. The
comparison of the SAM results with the Westfall–Young
procedure revealed a high overlap in AFTNs and CTNs. 48
out of 49 and 87 out of 90 differentially expressed genes
detected by Westfall–Young in AFTNs and CTNs were also
identified by SAM.
The comparison of the up-regulated genes detected by the
empirical filter in the AFTNs with their differential expression
in the CTNs, TSH-stimulated primary cultures and ras-
transfected primary cultures showed a likewise increased
expression after 24 h of TSH stimulation (Fig. 2a). In addition,
genes which are characterized by an increased expression after
Fig. 1. Overlap of differentially expressed genes detected by empirical filter, statistical analysis according to Westfall–Young and significance analysis of microarrays
(SAM) in 15 autonomously functioning thyroid nodules (AFTNs), 22 cold thyroid nodules (CTNs), 4 primary cultures which were TSH-stimulated and 5 primary
cultures which were ras transfected, respectively. The figure shows that the power of the different algorithms depends on the sample size of the investigated sample
groups.
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increased expression in AFTNs and in 4 h TSH-stimulated
primary cultures, whereas there is no differential expression and
a decreased expression in CTNs and ras-transfected primary
cultures, respectively (Fig. 2b).
3.2. Differential expression of pre-defined gene sets
Table 2 shows the results of the multivariate Westfall–
Young procedure applied to AFTNs, CTNs, TSH-stimu-
lated primary thyroid epithelial cell cultures and ras-
transfected primary epithelial cell cultures. AFTNs as well
as CTNs are characterized by a significant differential
expression of cell cycle-associated genes and G-protein
signaling-associated genes. In contrast, these gene sets are
not significantly differentially expressed neither in the
TSH-stimulated primary thyroid epithelial cell cultures, nor
in the ras-transfected primary thyroid epithelial cell
cultures. However, both TSH-stimulated primary cultures
(in comparison to unstimulated primary cultures) and
AFTNs (in comparison to their normal surrounding tissue)
show a significantly different expression pattern of genes
that form the TGFβ signaling pathway, whereas, in the
ras-transfected primary cultures only the gene set
comprising phosphatidylinositol signaling-associated genes
is characterized by a significantly different expression
pattern.3.3. Identification of co-regulated gene sets
The search for significantly co-regulated gene sets
revealed 13 gene sets in AFTNs each comprising between
11 and 22 genes (data not shown). While 5 out of these 13
groups of co-regulated genes are characterized by an
increased expression in AFTNs in comparison to their
normal surrounding tissue, 8 co-regulated gene sets are
characterized by a decreased expression in the AFTNs.
Interestingly, 7 out of these 8 co-regulated gene sets also
show a significantly decreased expression and co-regulation
in the CTNs, whereas no co-regulated gene set with an
increased expression in AFTNs is of relevance in the CTNs.
The analysis of the CTNs revealed 10 significantly co-
regulated gene sets with a decreased expression in the CTNs
in comparison to their surrounding tissue (data not shown).
However, in this entity no gene set with an increased
expression could be detected.
In the TSH-stimulated primary thyroid epithelial cell
cultures, we could not generate a significantly co-regulated
gene set. However, of the 13 gene sets generated from the
AFTN data, one up-regulated gene set was also significant
in the TSH-stimulated primary cultures. Interestingly, this
gene set comprises four metallothioneins, sialyltransferase 1
(SIAT1), and thyroid peroxidase (TPO) among others (Table
3). Strikingly, this set is not of relevance in the AFTNs
without a TSH receptor mutation.
Fig. 2. (a) The mean±S.E.M. of the SignalLogRatios of the 10 up-regulated
genes identified by empirical filtering in autonomously functioning thyroid
nodules (AFTNs) in comparison to their expression in cold thyroid nodules
(CTNs), 4 h TSH-stimulated primary cultures (PC 4h TSH), 24 h TSH-
stimulated primary cultures (PC 24h TSH), and ras-transfected primary cultures
(PC RAS), respectively. (b) The mean±S.E.M. of the SignalLogRatios of the 82
up-regulated genes identified by empirical filtering in 24 h TSH-stimulated
primary cultures (PC 24h TSH) in comparison to their expression in
autonomously functioning thyroid nodules (AFTNs), cold thyroid nodules
(CTNs), 4 h TSH-stimulated primary cultures (PC 4h TSH), and ras-transfected
primary cultures (PC RAS), respectively.
Table 3
Group of co-regulated genes detected by gene set recognition
ProbeSet Name GeneSymbol Beta value
1460_g_at Protein tyrosine phosphatase
non-receptor type 4
PTPN4 0.99
38080_at Cytochrome c oxidase subunit VIII COX8 0.98
32444_at Ribosomal protein L26 RPL26 0.98
35928_at Thyroid peroxidase TPO 0.97
31844_at Homogentisate-1,2-dioxygenase HGD 0.95
41352_at Sialyltransferase 1 SIAT1 0.93
39692_at cAMP responsive element binding
protein 3-like 2
CREB3L2 0.92
36130_f_at Metallothionein 1E functional MT1E 0.92
870_f_at Metallothionein 3 MT3 0.88
39594_f_at Metallothionein 1H MT1H 0.87
35769_at G-protein-coupled receptor 56 GPR56 0.86
38754_at p8 protein candidate of metastasis 1 P8 0.70
31623_f_at Metallothionein 1A functional MT1A 0.66
36423_at p8 protein candidate of metastasis 1 P8 0.65
36666_at Thyroid hormone binding protein p55 P4HB 0.39
A group of genes which are characterized by co-regulated increased expression
in both autonomously functioning thyroid nodules and TSH-stimulated primary
cultures (data from 4 and 24 h of TSH stimulation were combined). The
Affymetrix ProbeSet-ID, gene name, GeneSymbol and the beta-test value are
given.
Table 2
Differential expression of predefined gene sets
The table shows the gene sets which are characptterized by a significantly
differentmRNAexpression pattern in autonomously functioning thyroid nodules
(AFTNs), cold thyroid nodules (CTNs), TSH-stimulated primary cultures, and
ras-transfected primary cultures, respectively. Significant P values are
highlighted.
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revealed an overlap with three down-regulated gene sets
identified in the AFTNs and an overlap with two down-
regulated gene sets of the CTNs.
4. Discussion
In our previous studies dealing with the differential gene
expression of autonomously functioning thyroid nodules
(AFTNs) [1] and cold thyroid nodules (CTNs) [2], we identified
differentially expressed genes which are specific for AFTNs and
CTNs. Furthermore, we found significantly different expression
patterns in several signaling pathways which are likely to
explain specific properties of AFTNs and CTNs (e.g., increased
expression of cell cycle-associated genes in CTNs as the
molecular pattern of increased proliferation). However, the
cause of several gene expression patterns in AFTNs and CTNs
is unknown so far. Therefore, the aim of this study was to
further specify the findings for each nodular entity and to detect
and explain common mechanisms like those leading to
increased proliferation in both, AFTNs and CTNs and to
further examine these mechanisms detected in nodule entities
with the data sets generated by specific in vitro systems,because the gene expression profiles of these in vitro systems
can be clearly attributed to specific molecular alteration
(stimulation of the TSH-TSHR signaling pathway, activation
of the ras pathway), whereas the gene expression profiles of the
AFTNs and CTNs are most likely the result of complex
physiologic interactions. Therefore, the comparison of the gene
expression profiles of AFTNs and CTNs with the gene
expression profiles of in vitro systems might help to explain
the expression patterns of many genes in AFTNs and CTNs.
Because thyrotropin (TSH) regulates both, thyroid growth
and function by activation of the adenylyl cyclase-cAMP
pathway [16], we compared the gene expression profile of TSH-
stimulated primary thyroid epithelial cell cultures with the
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patterns in AFTNs and TSH-stimulated primary cultures which
are likely to be attributed to TSH - TSHR signaling. In addition,
we compared the gene expression profiles of ras-transfected
primary thyroid epithelial cell cultures with the expression
patterns of AFTNs and CTNs. Since Gire et al. could show that
expression of a mutant (Val-12) H-Ras oncogene, at a level
sufficient to induce rapid proliferation, does not lead to loss of
the differentiated phenotype of human thyroid epithelial cells
[17], we intended to find a correlate in gene expression patterns.
4.1. Comparison of algorithms detecting differentially
expressed genes
Table 1 and Fig. 1 summarize the results of our empirical
filter algorithm, the Westfall–Young analysis of genes and gene
sets and significance analysis of microarrays (SAM). The power
of different algorithms depends on the sample size of the
different investigated entities. For example, the Westfall–Young
procedure was too stringent to identify differentially expressedTable 4
Overlap of up-regulated genes identified by the filter algorithm in AFTNs and TSH
ProbeSet Name mea
Overlap of up-regulated genes between AFTNs and 4h and 24h TSH-stimulated pri
35928_at thyroid peroxidase 1.7
Overlap of up-regulated genes between AFTNs and 24h TSH-stimulated primary cu
36455_at collagen type IX alpha 3 3.4
41352_at sialyltransferase 1 2.1
31966_at type I 5 iodothyronine deiodinase 2
31844_at homogentisate-1,2-dioxygenase 1.1
Overlap of up-regulated genes between 4h and 24h TSH-stimulated primary culture
37701_at regulator of G-protein signalling 2 −0.4
34566_at calcitonin-related polypeptide beta −0.5
755_at inositol 1 4 5-triphosphate receptor type 1 0.3
35472_at potassium inwardly-rectifying channel subfamily J member 15 0.6
36941_at ALL1-fused gene from chromosome 1q 0.3
32067_at cAMP responsive element modulator 0.5
32066_g_at cAMP responsive element modulator 0.5
39295_s_at Arg/Abl-interacting protein ArgBP2 0.7
33705_at cAMP-specific phosphodiesterase 4B 0.4
37043_at inhibitor of DNA binding 3 0.8
40291_r_at sialyltransferase 4A 0.1
37497_at hematopoietically expressed homeobox 0.1
36618_g_at inhibitor of DNA binding 1 1.1
34798_at BCL2-associated athanogene 0.4
39310_at bradykinin receptor B2 1
38121_at tryptophanyl-tRNA synthetase 0.4
38797_at solute carrier family 39 (zinc transporter), member 14 0.6
41232_at chromosome 10 open reading frame 61 0.7
32565_at Human SWI/SNF complex 60 KDa subunit 0.3
34893_at NADH dehydrogenase ubiquinone flavoprotein 2 24 kDa 0.3
39545_at cyclin-dependent kinase inhibitor 1C p57 Kip2 −0.4
33436_at SRY sex determining region Y box 9 −0.5
36985_at isopentenyl-diphosphate delta isomerase 0.1
33131_at SRY sex determining region Y box 4 0.5
38968_at SH3-domain binding protein 5 BTK-associated 0.2
36496_at inositol myo 1 or 4 monophosphatase 2 0.2
Overlapping up-regulated genes identified by the filter algorithm in AFTNs and also in
mean±S.E.M. of the SignalLogRatios of AFTNs, 4 h and 24 h TSH-stimulated primgenes in the four TSH-stimulated primary cultures. In contrast,
the empirical filter revealed five to ten times more differentially
expressed genes in the primary cultures than in the AFTNs and
CTNs. These data reveal that the high overlap between the
empirical filter and the Westfall–Young analysis as shown in
our recent studies [1,2] is lost in the analysis of the primary
cultures due to the small number of repeats compared to number
of nodules studied in spite of the more restricted in vitro systems
(Fig. 1). To increase the number of genes, which show a
statistically significant differential expression the use of a less
stringent algorithm, that still corrects for multiple experiments
(e.g., significance analysis of microarrays [SAM] [13]) is
appropriate. Nevertheless, our results reveal that also the use of
empirical filters (lacking statistical procedures) could be useful
in the analysis of studies with a small sample-size: in the TSH-
stimulated primary cultures empirical filtering identified up-
regulated genes like type I iodothyronine deiodinase, thyroid
peroxidase, thyroglobulin, sialyltransferase 1, and CREM,
which are known to be TSH responsible (see Table 4).
Moreover, the comparison of the mean SignalLogRatios of-stimulated primary cultures
n AFTNs±S.E.M. mean PC 4h TSH±S.E.M. mean PC 24h TSH±S.E.M.
mary cultures
±0.2 0.9±0.4 2.2±0.3
ltures
±0.5 −0.6±0.4 3.2±0.6
±0.2 0.5±0.1 1.2±0.4
±0.2 0.2±0.3 1.9±0.4
±0.1 0.4±0.3 2.4±0.7
s
±0.4 3.6±1.7 3.2±1.1
±0.4 3.7±1.7 2.9±0.9
±0.1 1.5±0.9 2.7±0.5
±0.1 1.8±0.8 2.3±1
±0.4 2.7±1.7 2±1.1
±0.2 2.6±0.6 1.9±0.3
±0.2 2.5±0.8 1.7±0.4
±0.2 1.2±0.4 1.6±0.4
±0.2 1.6±0.9 1.5±0.5
±0.1 0.9±0.5 1.4±0.4
±0.2 1.6±0.8 1.4±0.3
±0.1 1.3±0.3 1.4±0.2
±0.2 0.9±0.4 1.3±0.5
±0.1 1±0.1 1.3±0.2
±0.2 1.9±0.9 1.2±0.3
±0.1 0.7±0.1 1.2±0.3
±0.1 1.3±0.1 1.2±0.2
±0.1 1±0.2 1.2±0
±0.2 1.4±1.1 1.1±0.4
±0.1 0.8±0.3 1.1±0.4
±0.1 1.2±0.5 1.1±0.3
±0.1 1.2±0.3 1.1±0.2
±0.1 0.9±0.2 1±0.3
±0.1 1.1±0.3 1±0.2
±0.1 0.9±0.5 1±0.2
±0.1 0.9±0.1 1±0.2
TSH-stimulated primary cultures. The Affymetrix ProbeSet-ID, gene name, and
ary cultures are given.
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a high concordance between the AFTNs and the TSH-
stimulated primary cultures (Fig. 2a—up-regulated genes in
AFTNs in comparison to their ST, Fig. 2b—up-regulated genes
after 24 h of TSH stimulation in comparison to unstimulated
cells), which suggests that the expression patterns of up-
regulated genes in AFTNs can mostly be attributed to an
increased TSH-TSHR signaling. Furthermore, the comparison
of the genes detected by the empirical filter in the AFTNs and
the TSH-stimulated primary cultures support this assumption
(Fig. 3). One out of ten up-regulated genes in the AFTNs is also
characterized by an increased expression in primary cultures
which were TSH stimulated for 4 h and five out of ten up-
regulated genes in the AFTNs show an increased expression
after 24 h of TSH stimulation. Furthermore, 27 genes are
characterized by an increased expression in 4 and 24 h TSH-
stimulated primary cultures, whereas only one out of these
genes (thyroid peroxidase) shows an increased expression in
AFTNs according to our filters. Interestingly, in contrast to the
strong TSH-induced acute increase of RGS 2 mRNA expression
in our primary thyroid cell cultures, we found a decreased
expression of RGS 2 mRNA in AFTNs (Table 4), which we
could verify by real time RT-PCR [18]. These different resultsFig. 3. Comparison of the up- and down-regulated genes identified by empirical
filtering in autonomously functioning thyroid nodules (AFTNs), 4 h TSH-
stimulated primary cultures (PC 4h TSH), and 24 h TSH-stimulated primary
cultures (PC 24h TSH). The figure shows that there is an overlap between the
up-regulated genes in AFTNs and the TSH-stimulated primary cultures, whereas
there is an overlap only between the 4 and 24 h TSH-stimulated primary cultures
in the group of down-regulated genes.can most likely be explained by alterations in the RGS
regulation pathway or by additional counter-regulatory path-
ways which occur in the chronically hyperfunctioning and
proliferating AFTNs. The increased expression of β-arrestin 2
in AFTNs [19] is very likely an example of such an additional
counter-regulation. Moreover, we found no overlaps between
the AFTNs and the TSH-stimulated primary cultures in the
group of down-regulated genes. Therefore, the differential
expression of the genes which are down-regulated in the AFTNs
is most likely not directly caused by constitutive TSH-cAMP-
signaling in AFTNs.
4.2. Comparison of pre-defined gene sets
Recently it has been shown that combinations of genes more
clearly reveal the effects of a disease than single genes [9].
Therefore, we analyzed the expression pattern of gene sets (e.g.,
from GenMAPP, KEGG) in AFTNs, CTNs and TSH stimulated
and in ras-transfected primary cultures using GenMAPP
software (www.genmapp.org) and the multivariate Westfall–
Young strategy (Table 3). We could show a significant
expression pattern of TGF-β-associated genes that suggests
an inactivation of this signaling cascade in AFTNs [1].
Moreover, a significantly changed expression pattern of this
signaling cascade could also be found in TSH-stimulated
primary cultures, which confirms our previous findings and is in
line with findings of Gärtner et al., who could show a decrease
of TGF-β mRNA expression after TSH stimulation of porcine
thyroid follicles ex vivo [20]. Both, AFTNs and CTNs are
characterized by a significant differential regulation of cell
cycle-associated genes. Especially in CTNs, the increased
expression of several cell cycle-associated genes reflects the
increased proliferation [4]. In addition to the “cell cycle” gene
set a significantly different expression pattern of G-protein-
associated genes indicates a relevance of Gq-PKC-signaling in
CTNs [2].
4.3. Identification of co-regulated gene sets
Because signaling pathways shown in GenMAPP and other
databases (summarized into a certain gene set) are actually
constructed based on data of different experimental systems
(e.g., cell cultures vs. primary cell cultures, different species,
different organs, different culture techniques) the investigation
of predefined gene sets might be limited by an incorrect
grouping of genes within one gene set. Moreover signaling
cascades typical for normal thyroid tissue might be substan-
tially altered in CTNs or AFTNs including additional genes
not involved in normal signaling. To allow new grouping of
genes we combined the Westfall–Young strategy with an
algorithm that identifies genes significantly correlated to genes
that show the strongest differential regulation in AFTNs, CTN,
TSH-stimulated or ras-transfected primary cultures. As a result
we identified significant groups of correlated genes corrected
for the error of multiple testing. Groups of downregulated
genes were found in AFTNs (8 groups), CTNs (10 groups).
Groups of up-regulated genes were only found in AFTNs (5).
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subset (i.e. AFTNs and CNTs) were also tested for differential
expression in all other experimental subsets (i.e. AFTNs,
CTNs, TSH-stimulated and ras-transfected primary cultures).
We found five overlapping co-regulated gene sets only for
genes with a decreased expression in AFTNs, CTNs and the
ras-transfected primary cultures. These sets very likely form
the molecular signature that could be a prerequisite for an
increased proliferation. Only one gene set containing genes
that show an increased expression, overlapped between
AFTNs and the TSH-stimulated primary cultures (Table 3).
Interestingly, further investigation of this gene set with regard
to the occurrence of TSH receptor mutations in AFTNs
revealed that this set of co-regulated genes is specific for
AFTNs harboring a constitutively activating TSH receptor
mutation. No co-regulated increase of expression for these
genes was seen in AFTNs without a TSH receptor mutation.
Here our approach led to a gene expression signature that
could discriminate AFTNs with or without a TSH receptor
mutation. This gene set contains the thyroid specific enzyme
thyroid peroxidase (TPO) which oxidizes iodide in the
presence of hydrogen peroxide forming the hormone pre-
cursors 3-monoiodotyrosine and 3,5-diiodotyrosine. Interest-
ingly, the expression of TPO mRNA is co-regulated with
several metallothioneins. Although the specific role of
metallothioneins in the thyroid has not been identified, and
remains elusive, these proteins have been postulated to
regulate the synthesis of metalloenzymes and transcription
factors by donation of zinc/copper [21,22] and might protect
against oxidative stress because of their high cysteine content
[23]. In AFTNs and TSH-stimulated primary cultures which
are characterized by an increased thyroid hormone synthesis
metallothioneins might be involved in the regulation of
metalloproteins such as superoxide dismutase. A protective
function of the metallothioneins against reactive oxygen
species is therefore very likely. In this context a TSH-
dependent expression of the metallothioneins which is co-
regulated with thyroid specific genes makes sense. In addition,
further genes belonging to the energy metabolism (cytochrome
c oxidase subunit VIII, ribosomal protein L26), and tyrosine
metabolism (homogentisate-1,2-dioxygenase) group in this
gene set which further underlines a possible role for thyroid
function. Interestingly, the G-protein-coupled receptor 56
which shares homology with HE6, a member of a subclass
of the class B secretin-like G-protein-coupled receptors, is also
a member of this gene set. Although northern analysis
revealed the presence of this gene in a wide range of different
tissues including several specific brain areas, heart, kidney,
testis, pancreas, and skeletal muscle the highest mRNA
expression was detected in the thyroid gland. Here, the
GPR56 mRNA appears to be selectively expressed within the
monolayer of cuboidal epithelial cells of the smaller, more
actively secreting follicles [24]. This finding and our data
showing an increased expression of the GPR56 mRNA in
AFTNs and TSH-stimulated primary cultures and the
clustering within the gene set mentioned above suggest a
role for GPR56 in the thyroid hormone metabolism (synthesisand/or secretion). However, the fact that GPR56 is expressed
in different cell types most likely indicates a more general
function for this receptor.
In conclusion, the analysis and comparison of the differential
gene expression of AFTNs and TSH-stimulated primary
cultures revealed overlaps in the expression pattern of several
genes which are characterized by an increased expression in
both experimental groups suggesting a TSH-TSHR-dependent
expression of these genes. Moreover, our new algorithm
identified a common set of up-regulated co-regulated genes in
AFTNs and TSH-stimulated primary cultures, including several
metallothioneins and the G-protein-coupled receptor 56, which
are likely to be involved in thyroid function. In contrast, the
down-regulated genes and the down- and co-regulated gene
sets, which overlap in AFTNs and CTNs are partly also
regulated in ras-transfected primary cultures. These genes are
candidates that could be linked to an increased proliferation in
these experimental groups.
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